loading will lead to bone resorption, a finding often referred to as 'Wolff's law' (Wolff 1892) . These changes in bone mass are the net result of a change in activity of bone forming cells (osteoblasts) and/or bone resorbing cells (osteoclasts). It is generally assumed now that these changes in cell activity are regulated by osteocytes, because they are strategically located within the bone's lacuno-canalicular network (Burger and Klein-Nulend 1999) , and because they show a metabolic response to bone loading (Skerry et al. 1989 ). However, how, exactly, osteocytes regulate osteoblasts and/or osteoclasts is still unknown.
In earlier studies we hypothesized that osteocytes sense strains, and in response send signals to stimulate osteoblasts. Using computer simulation models, we demonstrated that this mechanism can explain the formation of trabecular-like architectures that adapt to changes in loading magnitude and direction Ruimerman et al. 2005) . Although the exact nature of this stimulus was not detailed, we assumed this to be some biochemical messenger molecule, the secretion of which is increased by mechanical loading.
In contrast to this 'stimulatory' model, it was found in recent years that osteocytes inhibit bone formation via the protein sclerostin (Winkler et al. 2003; van Bezooijen et al. 2007 ). To reconcile this information with strain-induced bone formation, one needs to assume that sclerostin production by osteocytes decreases with mechanical loading. A recent study by Robling et al. (2008) confirms this assumption: in vivo loading of rat and mice forelimbs significantly reduced sclerostin secretion by osteocytes in the loaded forelimb. A new theory for strain-induced bone formation is thus a case of 'minus times minus equals plus': mechanical loading inhibits the inhibition of bone formation.
Although the pathways by which an inhibitory model and a stimulatory model work are very different, their net effect 123 could be the same. Both models will result in an increase in bone formation when mechanical loading is high and a decrease in bone formation when loading is low. We therefore expect that the inhibitory model, like the stimulatory model, is able to produce load-aligned trabeculae that adapt to changing loading conditions.
Although the response to mechanical loading might be similar under normal circumstances, differences can be expected in situations where osteocytes are lost or osteocyte signaling is disrupted, for example due to microdamage. Whereas a reduction in osteocytes would lead to decreased bone formation in the stimulatory model, it would lead to increased bone formation in the inhibitory model since in that case less sclerostin is produced to inhibit osteoblast activity. The consequences of this difference in behavior on bone structure and remodeling, however, are hard to predict.
Finally, it should be noted that the stimulatory and inhibitory model are not mutually exclusive. It is possible that osteocytes stimulate osteoblasts at higher loading conditions and inhibit osteoblast activity at lower loading conditions using different biochemical pathways. The consequences of this combined behavior on bone structure and remodeling obviously are even more difficult to predict.
In the present study we aim at clarifying these issues by using a computer simulation approach. The first goal of this study is to investigate if a sclerostin-based inhibitory model will also produce trabecular-like structures that align to the loading conditions. A second goal is to investigate and compare the response of the stimulatory and inhibitory model to the loss of osteocytes. A final goal is to investigate if a combined stimulatory/inhibitory model is viable and whether it would produce similar results.
Methods: the model
Our sclerostin-based inhibitory model is based on and compared to the stimulatory model by Huiskes et al. (2000) . This will be described first, after which we will address the changes made for the inhibitory model and the combined model.
The stimulatory model
A bone structure is mapped onto a finite element mesh consisting of square elements of uniform size x. An element, at location x and at time t, has a relative bone density m(x, t) that determines its Young's modulus E(x, t), according to (Currey 1988) :
Finite element analysis (FEA) is used to calculate the local mechanical strains resulting from external loads acting on the Fig. 1 Relations from osteocyte sensation (μR) to bone formation ( m obl ). In the stimulatory model, mechanical loading (∼ μR) stimulates the secretion of a signal (st) that stimulates bone formation ( m obl ). In the inhibitory model, mechanical loading (∼ μR) inhibits the secretion of a signal (sc) that inhibits bone formation ( m obl ) bone structure. Osteocytes within the bone (elements with m(x, t) > 0.5) are assumed to sense a mechanical stimulus R, for which we use the local strain-energy-density (SED) rate as a correlate (Brown et al. 1990; Huiskes 2000) . Note that we use a static load to represent a cyclic load of given amplitude σ and frequency f . The magnitude of the static load σ is chosen such that the resulting strain energy density (SED) equals the peak SED rate of the dynamic load:
For a derivation of this formula, see Huiskes (2000) or Ruimerman et al. (2001) .
In the stimulatory model an osteocyte i responds to this mechanosensation by emitting a signal st i (Fig. 1 , top left):
depending on the mechanical stimulus at its location x i and osteocyte mechanosensitivity μ. The signal is assumed to decrease exponentially in strength with increasing distance d from the osteocyte. The exponential function represents the steady-state distribution of a signal molecule, where synthesis and decay are in balance (Lancaster 1996) . Each element at the bone surface receives an accumulated signal St from n nearby osteocytes, according to:
where D is a diffusion-decay constant, x i is the position of osteocyte i and n is the number of osteocytes less than d infl removed from x, where d infl is a truncation distance for the osteocyte signal. Osteoblasts are recruited to bone surfaces where the signal exceeds a threshold k. They then form bone according to (Fig. 1 , top right):
where the change in m(x, t) due to osteoblast activity is denoted with the index obl, and τ determines the bone formation rate. Osteoclast activity is represented by resorption cavities occurring randomly along the trabecular surface, with a probability p ocl . If an element on the bone surface is subject to osteoclastic resorption, m(x, t) is decreased by an amount r ocl :
An alternative version of Huiskes' model had osteoclast activity inhibited by strain-induced osteocyte signals, and this was also central to our extended version of the model (van Oers et al. 2008) , where osteoclasts were explicitly modeled and guided by osteocyte signals. In this study we have chosen for random resorption, however, to ensure that any adaptation to mechanical loading is the result of osteocyte-osteoblast crosstalk.
The inhibitory model
In the inhibitory model the osteocyte is assumed to secrete a signal (sclerostin) sc i when its mechanical sensation is below a threshold α, according to ( Fig. 1 , bottom left):
Like the stimulatory signal st i , the inhibitory signal sc i is assumed to decrease in strength with increasing distance. Elements at the bone surface receive an accumulated signal Sc:
where we assume the same diffusion-decay constant D as for the stimulatory signal. Osteoblasts form bone when Sc falls below a threshold β, according to ( Fig. 1 , bottom right):
where γ defines the bone formation amount at zero sclerostin.
The combined model
In the combined model we assume that both pathways exist alongside each other, and both the stimulatory signal st and the inhibitory signal sc are being produced by osteocytes. For the resulting bone formation, we sum the formations of the above two models:
The two formation components were halved to maintain a formation rate similar to the single pathway models. They can also be combined such that one pathway predominates. We will use one combined model where the stimulatory pathway predominates:
and another where the inhibitory pathway predominates:
We will refer to these three combined models as the (50/50)-, (75/25)-, and (25/75)-combined model, respectively.
Model adaptation to prevent undesired discretization effects
During preliminary testing of the inhibitory model, we observed an unexpected effect of the discretization. This effect is described and explained in Appendix A. To prevent it we have chosen the following approach: before an element is half-filled (m(x, t) > 0.5) its formation rate is determined by the formation rates as calculated for its neighboring bone elements (only counting those with m(x nb , t) > 0.5).
Although, as Appendix A explains, the effect will not occur in the stimulatory model, for the sake of honest comparison we also introduce the same approach here:
and these changes are likewise incorporated in the combined models.
Methods: the simulations
For all models, trabecular remodeling is simulated in a 4 × 4 mm 2 domain, initially an arbitrary, porous bone lattice (Fig. 2, left) . The domain is subjected to a 6.06 MPa compressive load in the vertical direction and a tensile load in the horizontal direction. This is continued for 300 model increments. The loading direction is then changed by 30 • , and the structure is allowed to adapt for another 300 increments. We also investigate the response of these models to a pathological situation with severe osteocyte death. 75% of osteocytes are removed at random from the previously generated 123 
Results
As resorption events perforated some of the initial struts, strains in the remaining load-bearing struts increased. In the stimulatory model this induced more secretion of osteocyte signals, which in turn induced bone formation that thickened these struts. Other struts that did not contribute to the main lines of load transfer, were not strengthened by bone formation and got resorbed. Within about 50 increments, the main trabecular architecture was defined. After that a few thin trabeculae were removed, but at 300 increments the structure (Fig. 2, middle) was clearly in equilibrium and well-adapted to its loading conditions. Changing the load direction caused high strains at the trabecular edges closest to the new stress trajectories, which in turn induced rapid bone formation along those edges. Redundant bone at the opposing edges was gradually removed. In this process some trabeculae were lost. The result was a trabecular structure that was aligned to the new loading direction (Fig. 2, right) . In the inhibitory model, low strains in the initial lattice corresponded to sclerostin secretion throughout the structure, which suppressed bone formation. As resorption events disconnected struts, strains increased in the remaining loadbearing struts. This strain increase reduced the local secretion of sclerostin to a level that allowed thickening of these struts. A trabecular architecture (Fig. 3, middle) was formed, aligned to the imposed loading directions. When load directions were changed, the structure adapted accordingly (Fig. 3,  right) . The transition followed the same pattern as before, starting with rapid bone formation at the trabecular edges closest to the new stress trajectories, followed by the slow removal of redundant bone on opposite edges.
In the (50/50)-combined model both processes described above were at work, resulting in a trabecular architecture (Fig. 4, middle) , that adapted when load directions were changed (Fig. 4, right) . Similar results were found for the (75/25)-and (25/75)-combined model (results not shown).
When 75% of osteocytes were removed in the stimulatory model, there was a corresponding reduction in the bone formation stimulus. Resorption thinned all trabeculae. Note that there was no increase in osteoclast activity; thinning occurred because ongoing osteoclast activity now outbalanced the reduced osteoblast activity. As some trabeculae were disconnected, increased strains in the remaining struts induced bone formation. Since the newly formed bone had a normal osteocyte density, these struts rapidly increased in thickness. The resulting structure was one with considerably less, but much thicker trabeculae (Fig. 5, left) .
When 75% of osteocytes were removed in the inhibitory model, there was a corresponding reduction in sclerostin. Bone formation prevailed on all trabecular surfaces. Because this new bone layer was of normal osteocyte density, and because trabecular thickening had reduced the strains, sclerostin secreted from this layer quickly halted further thickening. If resorption events removed part of this layer, the lack of sclerostin often restored it again. The architecture was therefore Response to 75% osteocyte loss for all five models. In the stimulatory model model resorption prevailed initially and many trabeculae were lost. This effect was seen to a lesser extent in the (75/25)-combined model. In the other combined models and the inhibitory model the structure was preserved preserved. After 200 increments, no trabeculae had been lost compared to the initial situation (Fig. 5, right) .
In the (75/25)-combined model a few trabeculae were lost (Fig. 5, second column) , but much less than in the completely stimulatory model. In the (50/50)-combined model, osteocyte removal had practically no effect. The potential effect that a drop in stimulatory signals could have on bone formation appeared to be compensated by a similar drop in sclerostin. The structure (Fig. 5, middle) was maintained. The (25/75)-model behaved much like the completely inhibitory model and no trabeculae were lost.
Discussion
Our simulations show that a sclerostin-based model is able to produce a load-aligned trabecular architecture that adapts when the loading conditions are changed. In this context it is necessary that mechanical stimuli reduce sclerostin secretion by osteocytes, as was recently confirmed by Robling et al. (2008) and Papanicolaou et al. (2009) . Compared to our previous stimulatory model, where strains stimulate osteocytes to stimulate osteoblasts, this model is the exact reverse: strains inhibit the inhibition of bone formation. The result is just the same.
The real functional implications appear when osteocytes are lost. In the stimulatory model this dramatically reduces bone formation, in the inhibitory model it does the opposite. Consequently, many trabeculae were lost in the stimulatory model, whereas the structure was protected in the inhibitory model. This is not entirely advantageous, since the bone with the dead osteocytes is not renewed. It should be emphasized that we excluded any effects of osteocyte death on osteoclast activity. In this study we chose for random resorption, to ensure that any adaptation to mechanical load resulted from osteocyte-osteoblast crosstalk, be it via the stimulatory or the inhibitory pathway. However, it is believed that osteoclasts target dead osteocytes for resorption (Bentolila et al. 1998; Verborgt et al. 2000) . If the stimulatory model were combined with such targeted resorption, loss of osteocytes would result in an even greater loss of trabeculae than was seen here. If the inhibitory model were combined with targeted resorption, loss of osteocytes could induce temporary bone formation (a microcallus) on the outside of the trabecula combined with resorption of the dead osteocytes within. This combination has a better potential to preserve trabecular connectivity during removal of the dead bone.
Likewise, the two models would show different behavior when osteocytes are absent from the start, such as in the remodeling of scaffolds or the turnover of calcified cartilage. The stimulatory model predicts little bone formation in such cases, whereas the inhibitory model predicts the exact opposite. Recently, Cox et al. (2011) used computer simulations based on the stimulatory model to study the replacement of calcified cartilage by bone under the growth plate. They found that osteocytes at the bone-cartilage interface were able to facilitate this turnover via the stimulatory pathway. Nevertheless, the process might be facilitated even more via the inhibitory pathway, which would promote bone formation further from the bone-cartilage interface.
The simulations with the combined models also produced a trabecular-like architecture that aligned to the loading conditions. It must be mentioned however, that the two pathways were combined simply by adding their effects. Without precise knowledge of both pathways, and where they act on the osteoblast cellular events leading to bone formation, this approach seems reasonable. What the combined model shows is that the regulation mechanism does not need to be either stimulatory or inhibitory, but can include both pathways. Regarding the response to osteocyte loss, the addition 123 of the inhibitory pathway prevented loss of trabeculae, even in the (75/25)-combined model where the stimulatory pathway predominated.
The resorption pits in this study have no explicit shape, as in the original study by Huiskes et al. (2000) . Later studies have explicitly modeled osteoclasts resorbing lacunae of several elements (van Oers et al. 2008) , or lacunae with an explicit shape and size of several elements (Liu et al. 2008 ). Although it would be possible to use the latter models here, we believe it would not offer any advantages for the present research goals.
For the new inhibitory model, we assume that the secretion of sclerostin is inhibited by mechanical loading. A simple linear decrease in relation to strain-energy-density (SED) is used to capture this assumption, whereas in actual bone this might be a nonlinear decrease in relation to strain-induced fluid flow. On the receiving side, the osteoblastic reaction to osteocytic sclerostin is also implemented with a simple linear relation. Note that the older stimulatory pathway was also implemented with simple linear relations. We did not intend to present the precise physiological parameter values for these pathways here. We intended to demonstrate that, when mechanical loading "stimulates the stimulation" and "inhibits the inhibition" of bone formation, load-aligned structures can be produced. Whatever the precise relation, if mechanical loading were to increase sclerostin secretion, this would not facilitate the emergence of a load-aligned bone architecture. We further intended to demonstrate that these two pathways react differently to osteocyte loss. Whether osteoblast reaction to the stimulatory and inhibitory signals is linear or non-linear, this difference remains.
Currently the inhibitory pathway via sclerostin receives a lot of attention, but there are also several studies pointing to stimulatory pathways (Heino et al. 2004; Imai et al. 2009; Tatsumi et al. 2007; Taylor et al. 2007; Vezeridis et al. 2006) . Tatsumi et al. (2007) were able to specifically kill 70-80% of osteocytes in mice, via a toxin that did not directly affect other bone cells; although they observed a marked decrease in sclerostin mRNA, they did not observe an increase in osteoblast activity, which lead them to suggest that "it is conceivable that in addition to negative regulators such as sclerostin, one or more positive regulators are produced by osteocytes". Taylor et al. (2007) co-cultured osteocytes exposed to fluid flow with osteoblasts shielded from this flow but connected to the osteocytes via gap junctions: fluid flow on osteocytes led to increased alkaline phosphatase activity in osteoblasts, but not if gap junctions were blocked. This indicates that there was a stimulatory signal reaching the osteoblasts via gap junctions. These stimulatory signals have not been identified yet. Prostaglandins have been implicated (Chow and Chambers 1994; Burger and Klein-Nulend 1999) , but their role is unclear (Suponitzky and Weinreb 1998; Taylor et al. 2007) , and may have to do more with regulating osteocyte gap junctions (Cheng et al. 2001) , than directly stimulating osteoblast activity.
Further, there may be more inhibitory pathways than only via sclerostin. Robling et al. (2008) showed that the expression of dickkopf homolog 1 (Dkk1), another inhibitor of bone formation, also decreased with mechanical loading. Although our inhibitory model was inspired by sclerostin, the same concept could thus apply to other inhibitors of bone formation. The existence of multiple stimulatory and inhibitory pathways only makes the system more robust. As the combined model has shown, these pathways can work side-by-side to achieve a load-adapted bone architecture. sclerostin, allowing formation there. As a result the protrusions would be expected to disappear. Now if we look at a discretized trabecula (Fig. 7, right) , bone formation is not determined per bone surface, but per element near the bone surface. All elements around the protrusions receive sclerostin. In between two protrusions, the sclerostin level is strongest, inhibiting bone formation (indicated by −). At the protrusion tips, sclerostin levels are slightly weaker, allowing formation (indicated by +). Due to this discretization effect, the protrusions are maintained. Our approach to prevent it, given in the methods section, could be summarized as follows: the surface element still gets formation as long as one of its neighbor bone elements has low sclerostin (Fig. 8) .
Note that such protrusions would never be formed or maintained in the stimulatory model: here osteocyte signals are produced in the load-bearing center of the trabecula, stimulating formation at the base of such protrusions, rather than at the tips.
The protrusions in the inhibitory model are also partly explained by the way the model represents the diffusion of the osteocyte signal. We use an exponential signal-decrease function that represents the steady-state distribution of a signal molecule, where synthesis and decay are in balance (Lancaster 1996) . The signal-decrease function makes no difference whether the signal diffuses through bone or marrow. It is conceivable that the transition from canaliculi to marrow space has a significant effect on the diffusion profile. Can sclerostin from an unloaded 'protrusion', after leaving the canaliculi, just diffuse through marrow space and inhibit bone formation on another nearby bone surface? The protrusions effect may also be remedied with a better model for signal diffusion, that takes the effective diffusivity through canaliculi and marrow space into account.
Appendix B: influence of parameters α and β
With the inhibitory model we introduced parameters α and β, where α determines a level of mechanosensation that would halt sclerostin secretion by osteocytes, and β determines a sclerostin concentration that would halt bone formation by osteoblasts. Note that these parameters were not yet based on experimental data, although they may be in the future. The model is still conceptual, and uses simple linear equations between mechanical loading, sclerostin secretion, and bone formation, which could be given with these few parameters.
We have, however, investigated how variations in the values of these parameters influence the outcome of the inhibitory model. The figure below shows three simulation results with a lower α (factor 2/3), and three with a higher α (factor 3/2). When α was increased, the mechanosensation needed to halt sclerostin production was higher, so bone formation remained inhibited at higher mechanical loading. Consequently, the resulting bone structure lost more trabeculae with higher α.
When the sclerostin limit for bone formation β was increased, more sclerostin was needed to halt bone formation. Consequently, the resulting bone structure retained more trabeculae for higher β (Fig. 9, below) .
